Abstract-Electric vehicles of today can be designed with high efficiency drives and drivetrains. This means that the aerodynamic drag, the tire losses and auxiliary equipment have an increasing influence on the range of the vehicle. Moreover, the user will experience "his range" in a single direction from A to B, rather than averaged. The rolling resistance and the drag force are not constants but temperature dependent. Effects of wind, rain and altitude change are also evaluated. Such factors are not included in typical driving cycle tests, but are important for the real range of the vehicle.
INTRODUCTION
A lot of effort is done in modeling and range extension of electric vehicles [1, 2, 3] . In the actual vehicles about 70% average efficiency is observed from battery to wheel [4] . However, it is shown at the end of the paper that the average efficiency can reasonably rise up to about 80%. This is partly while using 2 or more motors, suppressing the differential gear and homokinetic coupling or cardan joints,. but also partly with a perfect tuning of the electric motor gear and optimized converters with or without SiC and GaN transistors. As the energy to move the electric car gets close to the battery energy, it gets important to look closer to the diverse losses of tire, drag and auxiliaries. In most of rough models, these losses are simplified, and also the possible effects of the weather and altitude changes are neglected. While using electric vehicles, changes in energy levels such as inertia and altitude can partly be recovered. However rolling and drag resistance are anyhow lost. Those losses are rather parasitic effects influenced by "details" such as temperature wind and rain. They are often neglected as they do not appear in driving cycles. Further on, auxiliary equipment is also increasing the electric load. All these effects result in a real range which can be significantly different from what driving cycles and simple models do predict. In electric cars, the user often thinks in a range from A to B where the altitude effect and the weather are not averaged over a long distance and where the distance from B to A could have a different energy need. In fact, the user is rather interested in the minimal guaranteed range rather than the maximal possible range.
II. INFLUENCE FACTORS

A. Overview
Electrical drivetrains may have a good efficiency, so that the energy needed at the axis is well reflected in the energy required at the battery level. Losses of auxiliaries can also be added to get a more total view. The total (equivalent) energy at the axis level, needed for a distance can be approximated as a sum of losses: P tot = rolling loss+ drag loss + altitude increase + auxiliaries (1) It is true that the auxiliaries are not on the axis but need a converter, which has similar efficiencies.
B. Rolling loss
In a first approach and with the best category of tires one could approximate the rolling loss as an equivalent slope of 0.8% in summer (25-30°), 1.0% in winter (0 to 5°) and 0.9% at about 15°C. However, if one reads specialized information about rubber for tires, he will know that it was achieved by a radial construction and that also visco-elastic materials also did improve, using the right mix and the addition of silica rubber for low rolling resistance [5] . By their nature, the rubber properties are highly temperature dependent. The losses deal with the deformation energy and the mechanical tan(δ). It seems that the mechanical tan(δ) peaks at temperatures between 0°C and -40°C. A normal rubber operating temperature, is about 30°C (15° rise compared to ambient). In previous times, the rolling coefficient was about 1.5% for cars. However, with today with 'green tires', the rolling coefficient became rather 0.8%. It corresponds also with a lower temperature rise. In the design for a long range electric vehicle it is normal today to choose between the best available tires with respect to rolling resistance. Note that the tire "friction coefficient" is a different effect and reflects the grip on the road against slipping. The rolling resistance is a bit influenced by the road contact, but mainly by losses inside the rubber such as the rubber in the thread area, in the sidewall and the shoulder. Manufacturers can tune the properties by the type of construction and the mix of e.g. butadiene-styrene, natural rubber, silicone rubber and additives [5] .
978-1-4799-6782-7/14/$31.00 ©2014 IEEE The practical side is that the tire loss is significantly larger in the first 5 km, as the tires need time to warm up. A known trick to reduce the rolling coefficient is to inflate the tires at a higher pressure in order to reduce the deformation and hence the losses. A lot of engineers drive with tires inflated between 2.4 and 2.8 bar, even with normal cars. The tire pressure for electric and hybrid vehicles is rather 2.5 up to 3 bar compared to 2.1 bar usually [6] . The result for the driver of a car with high tire pressure is to need more attention on wet cobblestone roads. The additional somewhat higher rolling noise level can be reduced in adapted shock absorbers and suspension elements.
The speed and temperature dependence on the losses, do have also effects on the aerodynamic drag resistance measurements for modeling. As the speed and temperature and time dependence of the tire is not 100% taken in account, experiments tends to show better aerodynamic drag coefficient than the real one, as higher speeds are measured at higher temperatures with lower tire losses.
The rolling resistance and lifetime expectancy depend on the relative pressure compared to the design pressure. The equations were used or fitted using the data of [5] and are shown in Fig. 1 . The rolling resistance force is given in eqn. 2. Some 1% more pressure results in 0.4% less rolling resistance.
The relative lifetime has a maximum, which is a bit above the design pressure. An approximation for the relative tire life depending on the pressure is:
The equation (2) can be extended while using also information of temperature and speed dependency of [5] . The proposed approximated formula takes in account the low rolling coefficient of silica tires. Some 'collected tire equation' (4) is tailored: In this equation, the tanh function saturates at very high and very low temperatures. As it is in the nominator, the effect of low temperature is more pronounced. Z is the load of the tire in [N], more heavily loaded smaller tires have a small advantage. The parameter p is the tire pressure. The reference pressure p ref is often for usual European cars set to 2.1bar. The speed c generates mainly aerodynamic losses of the tire at high speed, which do not depend on the rubber temperature. The factor 0.85 is an approximate value for 'green tires', optimized for lower rolling resistance.
The parameter θ is the average tire rubber temperature, it is often in steady state 8-20°C higher than the ambient temperature, but this steady state is only obtained after more than 10 minutes of driving. The temperature effect reduces the apparent speed influence as the temperature increase due to the losses reduces the rolling resistance, and hence the losses. The steady state temperature of tires is expected to rise with c 0.4 . It will need further investigation to get a more complete and transient model of tire temperature. In usual ICE cars, the rear tires get only 70% of the temperature rise of the front tires as they are less loaded by weight. In electric cars, the load is better distributed. Other differences can occur when the solar radiation typically heats up one side of the car.
Eqn. 4 is checked with the curve of Fig. 2 showing the tire temperature dependency, it corresponds well with a curve in [5] . Note that it is very normal to have a higher consumption in the first 5 kilometer, and also after a restart after a 30 minute stop. The thermal time constant is longer at standstill due to the reduced heat transfer.
The Fig. 3 shows the effect of the speed and the tire temperature on the rolling coefficient. A remark is that the tire losses increase with speed, but in real use, after some time, the temperature will rise, and also the tire pressure, which results in a finally lower rolling resistance coefficient at high speed in steady state. Care should be taken when consumption, aerodynamic or range experiments are done to note the tire pressure and the tire temperature at which they are made. Fig. 4 is identical to Fig. 3 , but recalculated for kWh/100km/1000kg.
The next
There are still a few useful remarks. The rolling resistance is reduced by 25% over the life span of tire. The reason is that less material is compressed in the thread area [7] . The type of road (rugosity) could change the tire loss by 40% [7] . However also public works do an effort to reduce the rolling resistance by the road surface, so this variation is not present to the full extent. Tires that are inflated at about 20% increased pressure have a bigger diameter of about 2%, the driver should be aware of it to avoid exceeding speed limits. Typically the pressure reduces form summer to winter. The autumn is the time to check the tire pressure more often.
The influence of a wet road is less easy to evaluate. I note each trajectory of my classic car, and I see about 10% a lower loss in the first 5 km for a wet road. For longer distances, the tire remains colder (about 7°C rise wet compared to 14°C rise dry, checked with an infrared meter). So, for a light wet road, the difference seems not so noticeable in long distance. However, a heavy rain increases the rolling losses, it cools the tire deeper in the threads, also causes hydraulic flow losses of the water, some 10% rolling resistance increase could be attributed to heavy rain.
The bearing loss is estimated at 0.1% cold, 0.05% warm, this adds to the rolling resistance. Damper losses are also present, especially on bumpy roads, on normal roads, it is in the order of bearing losses.
C. Drag Resistance Loss
The drag force resistance of a cross section area is a wellknown equation, at least in its simplified form. The wind speed is not so high in inland regions with a lot of trees. The Meteorological data concern measurements at a 10m high pole, and often only peak values are mentioned, where the vehicle is rather at 1meter, where an average of 3 times lower wind speed can be expected. At heavy wind, I did experience 3.3l/100km in the morning (50km/h average and wind in the back), compared to 4.4 l/100km in the evening with the wind in front while retuning for the same 30km trajectory with a diesel car (Fiat Punto Evo, reading corrected for the real consumption). As engineer it surprised me, but even more differences could be observed with electric vehicles. As a cyclist, it just confirms to me what every cyclist experiences: the wind can be more tedious than a hill.
The wind speed component in the same direction of the vehicle is important. It is also useful to consider the temperature coefficient of the specific density of the air. Note that the wake of the previous vehicle (car or truck) influences significantly the drag losses, by creating a local air speed, even at a space of 50m if there is no side wind. Fig. 5 shows the drag depending on speed for no wind, +10 km/h and -10 km/h in the vehicle direction, One notes the still a high difference at a speed of 60km/h. In simplified finite element and wind tunnel tests, often some details are neglected such as side mirrors and antennas. The drag coefficient can be better 
for electric than for combustion engine car as, the bottom can be more flat and there is less need for radiator surface. In an ICE car the radiator opening is essential for a good cooling in summer, and also for air conditioning. The radiator in an ICE car is about some 5% of the front surface but has a worse drag coefficient. A radiator is some kind of 'aerodynamic consumer', a flow and a pressure drop, eqn. (6): The C pRa would be zero at no flow and also at no pressure drop, it is rather likely to be between 0.5 and 1. Less cooling is required in electric vehicles, so one can strongly reduce the air flow in the radiator, mainly while reducing the opening surface. Note that in winter also classical cars need only about 30% of the normal radiator opening. One can cover 70%, resulting in a lower drag coefficient. My own experience is that it mainly acts on the drag, and it also helps keeping the engine warm.
Electric cars need less cooling but some cooling is better for electric motors as the copper resistance decreases. Power electronic converters have a higher efficiency at low temperature mainly by a reduction of conduction and switching losses. In contrast to this, one likes to recover some losses for heating in winter and so it may also be interesting to still reduce the cooling from outside.
Some final check with own measurements show that at 70km/h about 1.8% equivalent slope in summer is sufficient to keep the a constant speed at idle and 2% equivalent slope can be obtained in winter (70km/h is close to 20m/s). At 35km/h some 1% slope is sufficient to keep the same speed. These data correspond well with the model. A distance from point A to B may have a small or high difference in altitude.
D. Altitude changes
A difference of 200 m rise on 100 km is already 0.2% and can have about 10% in required energy. In mountain areas it can make a large difference, although an average slope of 5% is often avoided in road design, as it results in difficulties with ice in winter. Attention should be given not to over dimension electric drives: a slope of 5% during 100 km would result in 5000 meter climbing, this is higher than the Mont Blanc (4810 compared to sea level). An altitude difference of 1000m and 1000kg corresponds to Wa = M Δh x g ( 7 ) is 9.81 MJ/1000m/ton = 2.725 kWh/1000m/ton M: Mass of the vehicle Δh: altitude difference It means that the influence is not that big in the low countries. However, one should be aware of overcharging a battery when starting from the top of a hill, a resistive dissipating means might be required to avoid overcharging.
E. Braking and accelerating.
Acceleration takes more power from the battery. However, during braking, the power direction is reversed and an additional small cycle is created in the battery. The level of recovery of fast braking is dependent on the drivetrain efficiency and also the battery. If 100 accelerations are done in 100km with 1000 kg mass without energy recovery, it results in an energy of:
Where c is in km/h and W acc an energy in kWh. This is accelerating once a km. A 66% brake energy recovery could be still realistic and could correspond with 300 accelerations with recovery, this is a very dense city traffic, and close to the "city" part of the NEDC. A slow deceleration at about 0.2m/s 2 is almost not changing the power flow and should not be considered as an additional braking. The power required for acceleration is:
a: acceleration in m/s An acceleration of 2m/s 2 corresponds to an equivalent slope of about 20% (+ about 2% drag and rolling).
F. Auxiliaries
Some heating or cooling can be considered, but this will affect to a large extend the range of the vehicle, heating could be avoided by cloths, gloves or a local heating of the steering Heating or cooling should be considered per hour use, so their contribution could be very large/km in traffic jams.
In this paper only lamps and a fan will be considered Two head lamps of 55W, two rear of 10W, a tax plate lamp of 5W and together: 150W, with some fan GPS, radio and diverse consumers together about 180W, or 200W at the input of a 90% efficiency converter. It is clear that Led lamps improve the range of electric cars in traffic jams. Fans in classic cars take between 2.5 (lowest position and 15A (highest portion) at 13V. The use of tight pollen filters may be the reason, as the fan seems to act like a vacuum cleaner.
G. Total axis energy need
The temperature dependence has been kept, but the wind and altitude has not been put in Fig. 6 . The curves in Fig. 6 show that the temperature dependence of tires and air density are non-negligible, and also that some attention should be paid to auxiliaries in traffic jams of 5km/h, which could need >6Kwh/100km causing troubles even in electric drives. Effects of heavy wind and long traffic jams could be solved providing a (very) small and light range extender, which could extend the range if required. It could mainly useful in coastal areas where high wind speeds may be expected. The losses by acceleration are high at high speeds. However in cities, speeds higher than 50km/h are generally not allowed and on highway the accelerations less frequent.
III. EFFECT ON THE DESIGN OF THE ELECTRIC DRIVE
Considering the electromechanical and power electronic background of the author, the above information generates the question if the electric drive could have an improved average efficiency in any case. So that it gets independent of test cycles such as NEDC or WLTC [8] . Motors can have a peak efficiency of 93% and above. However, the peak efficiency is not so important, but rather the efficiency at light load at constant speed, and the efficiency in overload during acceleration. Using electric vehicles, the efficiency is already a much bigger efficiency starting from the same fuel such as natural gas if it is used to make electricity in the grid instead of using it in an engine on the vehicle [11] . One constraint for electric drives is that the no load of the electromotor should have a low iron which is much than the tire rolling and drag losses. A design may be to have a permanent magnet motor with 10 kg of stator iron used at 50Hz at 18km/h and 400Hz at 144km/h. We estimate the used peak induction at 1.7 T. The losses of a normal good iron of M250-35A [9] at that induction are 3.2W/kg at 50Hz and 47W/kg at 400Hz . Two motors, each having 10kg of stator iron are considered for a /1000kg vehicle, with 0.8 rolling coefficient, 2m 2 and conditions of Fig.5 for drag without wind. The 10kg stator iron can be expected from a 10 pole, 21kW continuous, 22kg motor, such as the PM150 [10] . Two such motors are needed for a good acceleration at high efficiency. Table 1 shows that the rolling resistance dominates at 18km/h and the drag dominates at 144km/h. In both cases, the iron losses can be small compared to the roll and drag losses, so we expect the whole range to be good. The challenge for the designer will be to limit also the other losses, such as: -eddy currents in magnets (subdividing magnets helps) -PWM losses (waveform losses) -converter losses (transistors using good Si, SiC and GaN are possible) -battery current ripple losses.
-copper losses at full load -bearings (ball bearings are preferred against roller bearings) -gear (fixed ratio gear using low viscosity oil, two motors, no differential) -windage losses.
With a good design, the efficiency can reasonably be expected to get above 80% close to no-load. During an acceleration of 1.5m/s 2 at 20m/s and 1000kg, some 30kW is needed. It is close to the 93% maximal efficiency of the PM150 motor example. So, also during acceleration a similar efficiency above 80% can be obtained. For ultra-light vehicles, similar high efficiency results were also experimentally found in [12] , including converter and gear. What cannot be guaranteed in the above way of designing is to keep the efficiency at that high level at low speeds such as 5km/h in traffic jams, and below 15km/h in hill climbing. This may be one of the next challenges. Note that those working conditions do not appear in test cycles, but appear in the real use of vehicles. The user of an electric vehicle is mainly interested in the actual range instead of a possible maximum range of a battery electric vehicle. A number of influence factors have been investigated in this paper: the temperature effect of tires, drag force, local wind, rain, altitude, the number of fast braking items and auxiliaries. It is clear that reducing the weight of vehicles is very important, as it reduces the energy needs for as well the altitude change, acceleration and tire rolling losses. Also a significant temperature coefficient is observed, mainly in the tire rolling, both from the rubber properties and indirectly from the tire pressure. It reduces the range in the winter period. A variability in energy need for a trajectory remains in the speed and the direction of wind. It is expected that these mechanical factors will tend to influence the real range of the as high efficiency electric drives are realistic if the right drive technology is used. In coastal areas the wind speed may influence significantly the range and a small ultralight range extender may be first needed there.
